INTRODUCTION
============

Zirconia material, which has superior mechanical properties, was first used in the late 1960s[@B1] as a biomaterial. It was introduced into the field of dentistry in the 1990s and is now used frequently in many applications at dental clinics.[@B1][@B2] Zirconia is widely used in clinical applications of prosthetic dentistry as a framework material for all-ceramic restorations.[@B3] Its good mechanical properties, biocompatibility, and structural resistance to tensile strength allow for its use in both anterior and posterior region single- and multi-unit restorations.[@B4] Restorations with zirconia frameworks can be produced with computer-aided design (CAD) and computer-aided manufacturing (CAM) systems.[@B5] Such restorations involve applying the veneer with traditional feldspathic porcelain to achieve a more natural look.[@B6]

Zirconia, which is a polymorphic material containing cubic, monoclinic, and tetragonal phases in its structure, remains in the tetragonal phase at room temperature. It also includes yttrium oxide, doped at the rate of 2 -- 3%, in its structure.[@B1] Through a mechanism called transformation hardening, compression pressure is applied by absorbing the crack energy of the tetragonal phase, increasing the particle size, and preventing spreading of the crack.[@B7][@B8][@B9] However, in the presence of moisture, monoclinic phase conversion (t→m) can be triggered by different stimuli, such as stress concentration leading to low temperature degradation or low temperature aging.[@B10] Studies that have examined the tetragonal-monoclinic (t-m) phase change show that the heat treatment application reverses the monoclinic phase to the tetragonal phase and eliminates the residual stress[@B11] but does not have the potential to reduce any defects on the yttrium tetragonal zirconia polycrystalline (Y-TZP) ceramics.[@B12]

Esthetics is one of the leading factors for all-ceramic restoration. The restoration and the natural teeth must be similar, and this similarity is affected by many factors, such as translucency, fluorescence, surface properties, and shape.[@B13] Naturally, it is very difficult for a restoration to be appreciated at once by the patient. It may be necessary to resend the work to the laboratory a number of times for various corrections. The restoration for correction will be fired again and exposed to high temperatures. Previous studies[@B14][@B15][@B16] have shown that the color of esthetic materials does not change with repetitive firing. However, O\'Brien et al.[@B17] found the color changes between specimens fired 3 times and those done 6 times (ΔE=1). They also stated that changes in sintering temperatures and amounts of time can affect the zirconia particle sizes, microstructures, and possibly their optical properties.[@B18][@B19][@B20] The color properties of natural teeth and restorative materials in dentistry can be measured using the Commission Internationale de l\'Eclairage (CIE) color system.[@B21] The ΔE values in these measurements are evaluated as ΔE \< 3, not clinically detectable, ΔE = 3 -- 5, clinically acceptable, and ΔE \> 5, clinically unacceptable.[@B22] Optical properties such as color stability and translucency parameters (TP) are thought to affect the esthetic properties of materials.[@B23] The TP is determined by calculating the color difference after measuring the color of the material with uniform thickness in black and white backgrounds.[@B24]

Differential scanning calorimetry (DSC), thermal gravimetric (TG), and x-ray diffraction analysis (XRD) methods are used to examine the changes in the thermal properties and phase formation of polymorphic materials such as zirconia. Thermal analysis is a complementary technique that measures the enthalpy of the system with the temperature-dependent weight changes (TG) of the materials and the heat capacity (DSC) of the reactions when the temperatures increase.[@B25] XRD analysis is a method for examining the characterization and phase transformations of a material.[@B26]

The aim of this study is to investigate the effects of repetitive firing processes on the optical, thermal, and phase changes of the zirconia framework. One of the hypotheses of the study is that the increase in the number of firings of the material will lead to a change in its color and translucency. Our second hypothesis is that the additional firing processes will lead to phase changes of the material.

MATERIALS AND METHODS
=====================

The study included 40 rectangular prism zirconia framework specimens. These were produced by scraping with the help of the CAD/CAM unit (Yenadent D40 CAM unit; Yenadent, ZenoTec, Istanbul, Turkey), in a 12 × 4 × 2 mm thickness from A1 color Prettau blocks (Zirkonzahn GmbH, Gais, Italy). The sintering process of the specimens was carried out in the sintering furnace (Zirkonofen, Gais, Italy) according to the manufacturer\'s instructions, with an initial temperature of 300℃, a waiting time of 30 minutes, and a final temperature that reached 1,540℃ in 60 minutes and remained at 1,540℃ for 90 minutes. The specimens obtained were divided into four groups according to the firing processes (n = 10):

Group 1: Heat treatments were applied to the zirconia framework specimens without any superstructure porcelain. The initial temperature in these processes was 600℃, the waiting time was 7 minutes, the heat increase was 65℃ per minute, the final temperature was 925℃, and the waiting time was 12 minutes. These specimens were then subjected to the heat treatment applied in the glazing process. The initial temperature in these processes was 600℃, the drying time was 7 minutes, the final temperature was 895℃, and the waiting time was 12 minutes. The processes were carried out according to the recommendations of the manufacturer. These specimens formed the control group.

Group 2: In addition to the heat treatments applied in Group 1, the same heat treatments were repeated 1 more time.

Group 3: In addition to the heat treatments applied in Group 1, the same heat treatments were repeated 2 more times.

Group 4: In addition to the heat treatments applied in Group 1, the same heat treatments were repeated 3 more times.

As a result of the firing processes, specimens were obtained from those that had been fired just once and those fired 1, 2 and 3 more times. The firing process of the specimens was carried out by the same technician in the laboratory.

The fired specimens were kept in distilled water at 4℃ until color measurements were made. The color and TP measurements were verified with a digital caliper that confirmed the thickness of the specimens as 2 mm, and the measurement process was started. The color measurements of the specimens were made by a single researcher with the help of a spectrophotometer (VITA EasyShade V; VITA Zahnfabrik, Bad Sackingen, Germany) and with a grey-tone background.[@B27] All the measurements of the specimens placed on the background were performed in the single tooth mode of the spectrophotometer. The mean value was obtained from the right, left, and middle regions of each specimen by taking three measurements on the grey, white, and black backgrounds. Before each measurement, the spectrophotometer was calibrated according to the recommendations of the manufacturer. The color values of all specimens were recorded according to the CIE L^\*^a^\*^b^\*^ system. With the formula ΔE^\*^ = \[(ΔL^\*^)^2^ + (Δa^\*^)^2^ + (Δb^\*2^\]^1/2^, the mean values and the differences were obtained for each specimen.[@B28] The TP was calculated by placing the L~w~, a~w~, b~w~ and L~b~, a~b~, b~b~ values (as obtained by the spectrophotometer) of the specimens placed on the white (w) and black (b) backgrounds into the following formula: TP = (\[L~b~ − L~w~\]^2^ + \[a~b~ − a~w~\]^2^ + \[b~b~ − b~w~\]^2^)^1/2^.[@B29]

XRD analysis was performed to evaluate the effect of the repetitive firing processes on the phase analysis of the zirconia specimens. One randomly selected specimen from each group was tested in the XRD device (EMPYREAN, PANalytical, Lelyweg, The Netherlands) using the parameters of a wavelength of 1.5419 (Kα), a scan range from 10° -- 90°, a step size of 0.0263°, and a scan speed of 0.067°/s. The graphs of the XRD analysis data were obtained using the Origin Pro 8.1 software (OriginLab Corporation, Northampton, MA, USA).

To examine the thermal changes of the zirconia specimens resulting from the repetitive firing processes, the specimens placed in the Differential Scanning Calorimeter (NETZSCH STA 409 PC Luxx, Bavaira, Germany) were heated at a temperature rate of 10℃/min at 0 -- 1,200℃. Each specimen was randomly selected from the groups and placed in a platinum specimen holder. The weight and structural changes of the zirconia specimens against the temperatures were then examined.

RESULTS
=======

As a result of the analysis of variance (ANOVA), it was observed that there was no statistically significant difference in the ΔE, TP, L, a, and b value changes of the zirconia specimens as a result of the repetitive firing processes (*P* \> .05). The mean ΔE and TP values of the repetitive firing processes are shown in [Table 1](#T1){ref-type="table"} and [Table 2](#T2){ref-type="table"}.

The XRD results of the zirconia specimens are presented in [Figure 1](#F1){ref-type="fig"}. In all the specimens, the main phase is zirconium oxide. The major peaks of zirconium oxide are found at 2θ values of 30° (111) and 50° (220). Zirconium oxide peaks reached almost the same height in all groups. Only the peak density of the tetragonal (220) phase increased along with the number of heat treatments.

The DSC results of the zirconia specimens are presented in [Figure 2](#F2){ref-type="fig"}. After heating the specimens from room temperature to 1,200℃, a 180℃ exothermic peak occurred in the zirconia specimens of all the groups. Furthermore, the exothermic peak was observed at 1,100℃. This is because the tetragonal ZrO~2~ phase increased.[@B30]

DISCUSSION
==========

The aim of this study is to investigate the effect of repetitive firing processes on the optical, thermal, and phase formation changes of the zirconia framework. According to the results, because the color and translucency of zirconia did not exhibit statistically significant differences after the additional firing processes, our initial hypothesis was rejected. In the XRD analysis, there were no differences in the phases and peak levels of the materials belonging to the groups, whereas in the DSC analysis, differences were observed in the peak levels of the groups. As a result of the additional firing processes, because zirconia specimens exhibited thermal differences but no phase differences, our second hypothesis was also rejected.

Color is one of the most important parameters affecting the esthetic and clinical success of a restoration. The optical property of the framework material is an important factor in the final shade of the restoration.[@B31] There may be changes in the optical properties of restorations due to the sintering process, the application techniques for veneer ceramics, the firing temperatures, the glazing processes, and the laboratory procedures.[@B32] The literature includes studies reporting that heating processes with high temperatures affect the optical properties of zirconia materials.[@B33][@B34] One study found that the sintering processes at high temperatures for long periods caused a decrease in the ΔE values of the zirconia specimens and affected the final colors.[@B19] In their study, Öztürk et al.[@B35] observed significant changes in L, a, and b values as a result of increasing the firing of DC-Zircon crowns with zirconia frameworks from 3 to 9 times. Heffernan et al.[@B13] also reported that additional firing processes resulted in significant changes in the translucency values of the all-ceramic systems. Bachhav and Aras[@B36] found that firing processes repeated 1, 3, 5, and 9 times affected the L, a, and b values of the all-ceramics, while Li et al.[@B37] reported that firing processes repeated 1, 3, and 5 times affected the TP and ΔE values of the all-ceramics. Fathi et al.[@B38] found that repeated firings and different porcelain veneer thicknesses affected the final colors and translucencies of the zirconia systems. Zirconia ceramics have a white color and are classified as semi-translucent materials.[@B39] It is known that zirconia frameworks exhibit less translucency than monolithic zirconia.[@B40] The mean TP value was reported to be 16.4 for monolithic zirconium with a thickness of 1 mm and 7.0 for the zirconia framework with the same thickness.[@B41] In the present study, a 2 mm thick zirconia framework was used and the mean ΔE and TP values were found to be 8.23 and 7.0. While the TP values in this study are similar to those previously mentioned in the literature, the ΔE values are well above the clinically acceptable values indicated by O\'Brien et al..[@B17] We believe that this difference is caused by the high thickness of the materials used in the study and the rather dense structure of the zirconia. This finding also indicates that zirconia frameworks should be supported with superstructure porcelain. At the same time, the results of our study showed that repetitive firing processes did not affect the colors and translucencies of the zirconia frameworks. Although this result differs from the data in the literature, we believe that the difference is caused by the limitation of the firing processes to 4 times or the thickness of the specimens being 2 mm.

Zirconia framework restorations are subjected to heat treatment during the application of the superstructure porcelain. It was reported that there may be changes in the tetragonal-monoclinic phase transformations and mechanical properties of the material due to these temperature changes.[@B42] The effects of the heat increases and the heat applications on the microstructure of zirconia have been emphasized in recent studies. Passos et al.[@B43] reported that the application of heat treatment following sandblasting on zirconia specimens caused tetragonal-monoclinic phase transformations.

Vatali et al.[@B42] reported that the combined applications of heat and aging treatments resulted in the tetragonal-monoclinic transformation of zirconia. Song et al.[@B44] also reported complete m-t phase transformation in zirconia specimens that were exposed to temperatures of 500 -- 1,000℃ for 15 minutes. However, Sato et al.[@B45] reported that the monoclinic phase content of the zirconia that was subjected to heat treatment at 500 -- 1,200℃ for 5 minutes remained on the surface, and Ebeid et al.[@B19] reported that the temperature and time changes in the sintering parameters did not cause tetragonal-monoclinic phase transformations. Alkurt et al.[@B46] reported that additional firing processes carried out 2, 5, and 10 times did not cause tetragonal-monoclinic phase transformation in zirconia specimens. Also, in their study on monolithic zirconia, Öztürk and Çelik,[@B47] reported that the highest peak was in the tetragonal phase, and there was no tetragonal-monoclinic transformation. According to the XRD results of our study, the main phase was zirconium oxide in all specimens, no tetragonal-monoclinic phase transformation was observed due to repetitive firing processes, and the peak density of the tetragonal phase increased due to heat treatments. We believe that these differences in the literature are due to the types of zirconia used and the heating temperatures.

DSC is a thermal technique used to examine physical and chemical changes, endothermic and exothermic processes due to temperatures, and heat transitions in the material.[@B48] This technique also helps examine the changes in polymorphic materials such as zirconia against temperature changes and the phase transformations. In the thermal analysis, the highest peak density was observed in the specimens fired 1 time in temperature changes increasing up to 200℃, while the specimens fired 2 and 3 times showed the lowest peak densities. Depending on the temperature increases, the peak densities of the specimens fired 2 times decreased and these specimens also showed the lowest peak densities. At higher temperatures (1,000 -- 1,200℃), the specimens fired 4 times reached the highest peak densities. It is thought that the reason for this is that the specimens fired 4 times were exposed to higher temperatures, and this caused an increase in the tetragonal phase.

The XRD and DSC analyses showed that the specimens belonging to all groups remained in the tetragonal phase, no changes were observed while the main structures of the specimens were preserved, and no tetragonal-monoclinic phase transformation occurred due to the repeated heat treatments. It is indicated by the results of this study that a material such as zirconia that is exposed to very high temperatures retains its structural and optical properties in thermal changes. One of the limitations of this study is that the zirconia specimens used have a single thickness, and the values of specimens with different thicknesses were not therefore compared. Another limitation is that color measurements were made only for the frameworks, regardless of the superstructure porcelain.

CONCLUSION
==========

The following conclusions were reached within the scope of this study. Firing processes performed 1, 2, 3, and 4 times did not affect the color and translucency changes of the zirconia frameworks. In addition, repetitive firing processes did not cause any changes in the phase formation of zirconia frameworks. Nevertheless, in the thermal analysis, the highest peak densities due to temperature increases were obtained in the specimens that were fired 4 times, and the lowest peak densities were obtained in the specimens that were fired 2 times.
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###### Mean ΔE values of repeated firing of zirconia frameworks

![](jap-12-9-i001)

  Group   Mean   Std. Deviation   N
  ------- ------ ---------------- ----
  1       8.56   0.79             10
  2       7.73   0.87             10
  3       8.38   0.59             10
  4       8.26   0.34             10
  Total   8.23   0.73             40

*P* \> .05

###### Mean TP values of repeated firing of zirconia frameworks

![](jap-12-9-i002)

  Group   Mean   Std. Deviation   N
  ------- ------ ---------------- ----
  1       6.8    3.44             10
  2       6.45   1.55             10
  3       6.83   1.47             10
  4       7.92   1.4              10
  Total   7.0    2.13             40

*P* \> .05
